We have proposed and demonstrated passive harmonic mode locking of an erbium doped fiber laser with soliton pulse shaping using carbon nanotubes polyvinyl alcohol film. Two types of samples prepared by using filtration and centrifugation were studied. The demonstrated fiber laser can support 10th harmonic order corresponding to 245 MHz repetition rate with an output power of ~12 mW. More importantly, all stable harmonic orders show timing jitter below 10 ps. The output pulses energies are between 25 to 56 pJ. Both samples result in the same central wavelength of output optical spectrum with similar pulse duration of ~1 ps for all harmonic orders. By using the same laser configuration, centrifugated sample exhibits slightly lower pulse chirp.
Introduction
Short pulse mode locked fiber lasers are useful light sources with advantages including good beam quality, alignment free, efficient heat dissipation and simple configuration [1] . This type of laser with comparable performance to the conventional bulky counterparts has many applications such as material processing, telecommunication, nonlinear science and biomedical research. Typically, fiber lasers operate at repetition rate of the order of tens of megahertz due to the relatively long laser cavity (normally in meters scale). For some applications it is desirable to have high repletion rate fiber lasers for instance, in the fields of telecommunication, spectroscopy and metrology. Passive mode locking has been extensively used and studied to generate ultrashort pulses in fiber lasers. To generate high repetition rate pulses in mode locked fiber lasers, one could employ either a short cavity (could be centimeter scale) or harmonic mode locking (HML). Although short cavity fiber laser would provide robust design and compact configuration, they do rely on short piece of high gain fiber which inherently limits the output power of the laser and makes them cumbersome to manipulate. HML, however, removes the difficulty in dealing with centimeter scale fiber devices while maintaining high repetition rate performance. A 10 GHz repetition rate soliton fiber laser was demonstrated based on HML through nonlinear amplifying loop mirror [2] . Nonlinear polarization rotation (NPR) based HML soliton fiber lasers were presented showing subpicosecond timing jitter around 500 MHz repetition rate [3, 4] . A hybrid saturable absorber based HML fiber laser was also been studied indicating the possibility of hundreds HML orders at gigahertz rate [5] . Stable 2.6 GHz HML fiber laser using a short piece of high gain fiber with a semiconductor saturable Bragg reflector was reported [6] . A 3 GHz HML doublecladding fiber laser with 54 mW output power has been demonstrated recently using NPR [7] . Recently, single wall carbon nanotubes (CNT) has attracted a lot of attention due to their high optical nonlinearity and fast recovery time as a saturable absorber in a mode locked erbium doped fiber laser (EDFL) [8] [9] [10] . Since then, various techniques and configuration have been investigated for CNT mode locker in EDFL. CNT embedded in various kinds of polymer matrix as a mode locker have been extensively studied [11] [12] [13] [14] [15] [16] [17] [18] including high power [19] , wavelength tunable [20] and pulse duration tunable [21] lasers. Evanescent field interaction with CNT for enhanced nonlinearity in fiber laser mode locking has been reported using either a D-shaped fiber [22, 23] or a tapered fiber [24, 25] . Furthermore, liquid CNT solvent have been studied as a fiber laser mode locker by employing either a hollow fiber [26] or a optical fiber based microchannel [27] [28] [29] . However, all of these CNT mode locked fiber lasers operates at fundamental repetition rate of tens of megahertz. By shortening the cavity length, a 447 MHz repetition rate EDFL was demonstrated [30] . Up to 19 GHz repetition rate was recently achieved by using an extremely short cavity [31] . Moreover, HML of CNT based mode locked fiber laser is less studied. Very recently, CNT embedded polymer film was reported for HML of erbium doped fiber laser [32, 33] for hundreds of megahertz repetition rate while evanescent field interaction based CNT mode locker can support 1.69 GHz in an EDFL [34] .
In this paper, we report investigation on CNT polyvinyl alcohol (PVA) film based HML of an EDFL using the direct contact method. Based on the different preparation procedure of the CNT PVA samples, we have evaluated the performance of filtrated and centrifugated CNT PVA film in an EDFL for passively HML. The demonstrated laser is able to show stable operation at its 10th harmonic of 245 MHz repetition rate with the output power of ~12 mW. In particular, the filtrated CNT sampled mode locked EDFL shows relatively low timing jitter of below 10 ps at almost all harmonic orders. We have also characterized the time bandwidth products (TBP) of the laser with both samples at all harmonic orders showing pulse chirp properties.
CNT sample preparation and characterization
Efficient absorption of CNTs at specific wavelength is determined by the band gap of the specific chiralities of semiconducting single wall CNT S . We use 0.4 mg of commercial grade CoMoCAT CNTs from SWeNT Inc (SWeNT CG200 Lot#000-0012) with carefully selecting CNTs which exhibit absorption at 1.5 µm region. The CNTs were then dissolved in 10 ml distilled water containing 8 mg of sodium dodecylbenzene sulfonate (from Sigma-Alrich) as surfactant. The solution was then dispersed by ultrasonication using a commercial kit (NanoRuptor, Diagenode) for one hour at 21 kHz and 250 W. 50% of the dispersed solution was then filtrated through a 1 µm glass microfiber filter and the remaining 50% was then subjected to ultracentifugation with Optima Max-XP ultracentifugation (Beckman Coulter) for one hour at 25000 rpm at 17 °C. Both resulting solutions were then mixed with polyvinyl alcohol (PVA) distilled water solution afterwards in the Petri dish separately. CNT PVA film saturable absorbers were then obtained after drying at room temperature in the desiccator chamber for a few days namely F-CNT PVA and C-CNT PVA for the filtration and centrifugation processed CNTs respectively. The resultant film thickness is 85 µm and 75 µm for C-CNT PVA and F-CNT PVA individually. The performance of the saturable absorbers is characterized by the absorption spectrum as shown in Fig. 1 through a commercial wide band spectrometer (UV-NIR Perkin Elmer). It can be seen from Fig. 1 that the F-CNT PVA has higher absorption than C-CNT PVA sample. This means that concentration of CNTs is much higher in F-CNT/PVA sample than in C-CNT/PVA sample. As both CNT PVA samples are prepared with random orientation of CNTs, they are expected to have very low polarization dependency. Pronounced absorption peaks at 1.5 µm can be seen in the absorption spectrum for both samples. Figure 2 illustrates the schematic configuration of the CNT mode locked EDFL. The EDFL constitutes ~80 cm of highly doped erbium fiber (EDF Er80-8/125 from Liekki) as the active medium, it has a nominal absorption coefficient of 80 dB/m at 1530nm. One fiber pigtailed isolator (OIS) is employed to ensure single direction oscillation of the laser, the laser is forwarded pumped through a grating stabilized 980 nm laser diode (LD) using a 980 nm/1550 nm wavelength division multiplexing (WDM) with a maximum output power of 500 mW. One set of commercial diode laser driver and controller (from Thorlabs) is employed to stabilize the performance of the pump. 50% light is coupled out the laser cavity via a standard fused fiber coupler. An in-line polarization controller (PC) is employed to optimize the intracavity birefringence of the laser cavity. The CNT mode locker was incorporated into the laser cavity via the popular sandwiched structure using two standard fiber connector ferrules, index matching gel (n = 1.452) has been applied between the ferrules to minimize the transmission loss. This pre-packaged saturable absorber is then connected into the laser cavity via fusion splicing to maintain the all fiber configuration. The total length of the laser cavity is ~8.4 m. This corresponds to a fundamental repetition rate of ~24.66 MHz and roundtrip time of ~40.55 ns. The overall cavity dispersion is estimated to be ~ + 16.8 ps/nm/km indicating anomalous dispersion regime and respective soliton pulse formation. The output beam is characterized via a low noise photodetector (Newfocus 1GHz), a high speed sampling oscilloscope (LeCroy Wavepro7Zi, 40Gb/s sampling rate) and an electrical spectrum analyzer (HP8652). The pulse duration is measured by a commercial optical autocorrelator (APE PulseCheck) without any amplification and an optical spectrum analyzer (ANDO AQ6317B) is used to record the optical spectra with 0.05 nm resolution. 
Experimental setup

Results and discussion
We first examine the laser behavior with the F-CNT PVA saturable absorber. The laser mode locking self started at the pump power of ~42.5 mW with its fundamental repetition rate of ~24.66 MHz regardless its initial polarization status. The higher threshold compared to some previous results may due to the high gain fiber and higher output coupling ratio [33, 34] . As we increase the pump power, the laser repetition rate continues to increase with multiple integers of the fundamental frequency indicating HML. At lower harmonic orders (i.e. 2nd & 3rd), stable pulsing can be found with simply increasing the pump power. For harmonic orders over 3, stable pulsing may be achieved by tuning the PC. Figure 3(a) shows the evolution of the optical spectrum of the laser output from fundamental frequency to the 9th order HML with a bandwidth around ~4 nm and central wavelength of ~1563 nm. The characteristic Kelly side bands can be observed throughout the increase of pump power indicating soliton pulse shaping for all orders of HML. Timing jitter is a critical parameter for HML fiber lasers. In order to characterize the timing jitter, we use the method similar to [35] to perform the measurement. A 3 dB coupler was used to feed 50% of the laser output to another identical photodetector that connected into the second channel of the oscilloscope as data clock. The timing jitter is then calculated by the build-in program of the oscilloscope. The measured timing jitter at 221 MHz, 9th harmonic order is ~4.8 ps. The 9th HML laser is stable at this pump power without any noticeable degradation of performance at the laboratory conditions for several minutes. Figure 3 (b) plots the timing jitter and output energy against the harmonic order. In Fig. 3(b) , one can see that the timing jitter is below 10 ps for all harmonic orders while the output pulse energies are from 35 to 56 pJ which is higher than the work reported in [33, 34] . Figure 3(c) shows the pulse duration and time bandwidth product (TBP) as a function of the harmonic order. It is shown in Fig. 3(c) that at all harmonic orders, the pulses are slightly chirped with the pulse duration of ~1 ps. Figure 3(d) shows the radio frequency (RF) spectrum of the 9th order HML laser pulses with 221 MHz repetition rate at 141 mW pump power. In the RF spectrum, the background noise (SNR) was suppressed by 68 dB while the supermode suppression (SMSR) ratio is ~40 dB. The measured pulse duration is ~0.877 ps with an average output power of ~12.38 mW. This output power is an order of magnitude higher than the previous result [33] . The 3 dB bandwidth of the output optical spectrum is ~3.89 nm indicating a TBP of ~0.41 of the output pulses. This value is slightly higher than the theoretical transform-limited value of 0.32 for soliton pulses showing that the pulse is chirped. For all orders of HML, the measured SMSR from RF spectra are all between 30 dB and 40 dB. At 156 mW pump power, the laser can operate at its 11th HML but with a higher timing jitter ~27 ps. We have observed multiple pulsing instability when the pump power is further increased. The F-CNT PVA sample also suffers potential thermal damage at pump power level beyond this point due to its polymer nature. Once the stable HML condition is found, we have observed the hysteresis phenomena due to the soliton stability while decreasing the pump power which means the harmonic order is maintained to certain level during the pump power alleviation process [36] . Next we have examined the C-CNT PVA sample for HML in the same EDFL by replacing the F-CNT PVA sample with C-CNT PVA at the end of the fiber ferrule. The laser has shown the same threshold level and fundamental repetition rate. The laser with C-CNT PVA could support a maximum of 10 harmonic orders at the pump power of 141 mW showing a repetition rate of 245 MHz. Figure 4(a) shows the evolution of the optical spectrum of the laser from fundamental frequency to its 10th harmonic order. It describes a similar central wavelength of 1563 nm compared to the laser with F-CNT PVA sample. The SMSR for all harmonic orders with C-CNT PVA is between 39 dB and 49 dB. The timing jitter and output pulse energy against the harmonic order is depicted in Fig. 4(b) . Figure 4 (b) indicates that with C-CNT PVA sample, the EDFL shows similar timing jitter performance and slightly lower output pulse energy compared to F-CNT PVA sample based laser. One may notice that for the 7th order HML, the timing jitter is ~16 ps, which is much higher than the other harmonic orders. The reason for this is still unknown. In Fig. 4(c) , it illustrates the pulse duration and TBP against the harmonic order which shows C-CNT PVA sample based EDFL outputs similar pulse duration with slightly lower chirp. Figure 4(d) shows the RF spectrum of the EDFL at its 9th harmonic order with 221 MHz repetition rate. At 221 MHz repetition rate, the EDFL presents a SMSR of 40 dB with a SNR of 48 dB. Multiple pulsing was also observed when the pump power is over 141 mW for C-CNT PVA sample. Further driving the pump power may induce thermal damage to the CNT sample.
As we described so far, the harmonic order is defined by the pump power and is limited around 10. Following the discussion in [34] , the evanescent field based CNT saturable absorber is able to support much higher harmonic orders. However, the CNT polymer films have the advantage of ease of manipulation and low cost. We expect higher repetition rate mode locked by the CNT polymer films could be achieved when the cavity dispersion is properly managed. Moreover, the concentration of CNT may also affect the HML. For both samples, at its maximum harmonic order, the laser is stable for a few mins, this could be because the high pump power damaged the PVA film which cause degradation of the CNT sample. For lower harmonic orders, with both samples, the laser gives stable performance over hours at the laboratory condition. The principle of harmonic mode locking is still in debate. Grudinin et al [5] proposed that acoustic effect plays an effective role in laser harmonic mode locking. Kutz et al [37] justified that the gain recovery could dominate the behavior of harmonic mode locking. The exact role of CNT in HML is still under investigation. Future work will address more on the mechanism of HML using CNT. We expect the demonstrated fiber laser can offer an effective platform for studying HML. 
Conclusion
In conclusion, we have experimental investigated the centrifugated and filtrated CoMoCAT CNT PVA thin film saturable absorber for HML in an EDFL. The demonstrated EDFL outputs chirped soliton pulses with ~1 ps pulse duration for both types of CNT PVA films. The EDFL shows a maximum of 10th harmonic order operation at 245 MHz with the output power of ~12 mW with the C-CNT PVA saturable absorber which is higher than the previous results using a CNT polymer film mode locker. The timing jitter of the EDFL with both CNT PVA saturable absorbers is measured to be lower than 10 ps. The EDFL also shows higher SMSR ratio then some previous results. Although the absorption for both CNT PVA samples is different, it does not make a huge difference on their performance in HML of EDFL.
